ABSTRACT: Three studies were conducted to evaluate titanium dioxide (TiO 2 ) as a digestibility marker for cattle. In Exp. 1, eight steers consumed prairie hay ad libitum with or without dietary supplements. Fecal recovery of TiO 2 averaged 93% and was not affected (P = 0.47) by supplement. Digestibilities calculated with reference to TiO 2 were not different (P = 0.15) from those based on total fecal collections. In Exp. 2, two steers were limit-fed corn-based diets. Fecal recovery of TiO 2 averaged 95% and that of chromic oxide (Cr 2 O 3 ) averaged 113%. Digestibilities calculated with reference to TiO 2 were underestimated (P < 0.01) by 1.1
Introduction
Chromic oxide (Cr 2 O 3 ) is a digestibility marker commonly used in digestion studies with ruminants (Titgemeyer, 1997) . However, studies with forage-fed ruminants have demonstrated that fecal recovery of Cr 2 O 3 often is not 100% and varies greatly among animals (Western Regional Coordinating Committee, 1980) . Additionally, Cr 2 O 3 is not approved by the Food and Drug Administration as a dietary additive.
Titanium dioxide (TiO 2 ) is an alternative to Cr 2 O 3 as a marker for digestion studies and can be added legally to feeds as a color additive in amounts that do not exceed 1% of the finished product (AAFCO, 1996) . However, TiO 2 has been studied little as a digestibility marker for ruminants. Hafez et al. (1988) observed 99% recovery in feces of TiO 2 fed to dairy cows, although diurnal variation in excretion patterns occurred. Also, TiO 2 was an appropriate digestibility marker for pigs (Jagger et al., 1992) and chickens (Short et al., 1996) .
Our experiments were conducted to determine whether TiO 2 is an appropriate digestibility marker for cattle fed forage-and grain-based diets. 
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percentage units relative to those based on total fecal collections, and those calculated with reference to Cr 2 O 3 were overestimated (P < 0.01) by 2.0 percentage units. In Exp. 3, eight steers in a replicated 4 × 4 Latin square consumed corn-based diets ad libitum. Fecal recovery of TiO 2 averaged 90%, whereas that of Cr 2 O 3 averaged 98%. Digestibilities calculated with reference to TiO 2 were underestimated (P < 0.01) by 1.6 to 4.3 percentage units, whereas those calculated with reference to Cr 2 O 3 were not different (P = 0.31) from those based on total fecal collections. Future research is warranted to determine the usefulness of TiO 2 in measuring digestibility in cattle.
Materials and Methods

Experiment 1
Eight steers (373 kg) involved in a digestion study (Greenwood et al., 1998) were used to determine the fecal recovery of TiO 2 . All steers had ad libitum access to tallgrass-prairie hay (72% NDF, 5.7% CP) and water. Two steers were assigned to each of four treatments: 1) control, no supplement; 2) 1.6 kg/d supplemental corn (DM basis); 3) 0.43 kg/d supplemental cooked molasses block containing 30% crude protein; and 4) 5.0 g/d supplemental Smartamine-M (Rhone-Poulenc Animal Nutrition, Atlanta, GA). All steers received 20 g/d white salt. All supplements (including the salt) were provided once daily in feeders separate from the hay. The cooked molasses block was provided in small pieces. For each steer, 10 g of TiO 2 was weighed individually and mixed daily in the feeder with the salt and supplements; in all cases, the steers consumed the supplements rapidly and completely. Consumption of TiO 2 , based on visual appraisal (TiO 2 has a bright white color, whereas the feeder was black rubber), seemed to be complete in all cases.
Steers were adapted to treatments for 14 d, and samples of forages, supplements, orts (forage was fed at 115% of the average consumption for the previous 5 d), and feces (total collection with fecal bags) were collected during the final 7 d of each period. For each day of fecal collection, feces from each steer were weighed individu-ally. After mixing by hand, samples representing approximately 2% of total fecal output from each steer for each day were weighed individually, dried at 50°C in a forced-air oven for 48 h, allowed to air-equilibrate, and weighed again. Air-dried samples were ground to pass a 1-mm screen and then analyzed for DM by drying for 24 h at 100°C and for TiO 2 using the colorimetric procedure described by Short et al. (1996) with a minor modification: 10 mL of 30% H 2 O 2 rather than the 20 mL recommended. Jagger et al. (1992) used only 4 mL of 30% H 2 O 2 for this assay. Using 10 mL, we were able to demonstrate linearity between absorbance and amount of TiO 2 . Samples (feeds, fecal samples devoid of TiO 2 , and fecal samples containing TiO 2 ) were spiked with TiO 2 , and recoveries averaged 100.7% with a range from 98.6 to 104.2%.
Recoveries of TiO 2 and fecal outputs were calculated for each day for individual steers, and 7-d averages were then used for statistical analysis. Data were analyzed as a completely randomized design using the GLM procedure of SAS (SAS System for Windows Release 6.12; SAS Inst. Inc., Cary, NC). The model included treatment. Confidence intervals (95%) were constructed for marker recovery, and marker recovery was considered different from 100% if these intervals did not include 100%. Methods of calculating fecal DM output and DM digestibility (i.e., measured fecal outputs vs outputs calculated from TiO 2 ) were compared by use of a split-plot design with the main plot as a completely randomized design and method as the subplot. The MIXED procedure of SAS was used with 1) a model that included treatment, method, and treatment × method and 2) steer within treatment included as a random variable to serve as the main plot error term.
Experiment 2
Two steers (230 kg) were used in a 21-d digestion study to measure the fecal recoveries of Cr 2 O 3 and TiO 2 when grain-based diets were limit-fed. Each steer was fed daily 3.30 kg of dry-rolled corn, 0.70 kg of chopped alfalfa, 0.50 kg of soybean meal, and 0.10 kg of a mineral and vitamin premix. Individual amounts of each of the listed items were weighed for each feeding. Steers were fed equal portions at 12-h intervals. Prior to the start of the experiment, steers were adapted to the diets for 7 d. Then, 10 g/d TiO 2 and 10 g/d Cr 2 O 3 were added to the diet for the next 21 d. Each marker was weighed in 5-g amounts and mixed by hand to each feed allotment. In all cases, feed consumption was complete. Steers were maintained in metabolism crates to allow total fecal collections that were conducted between d 2 through 21 after addition of the markers. Fecal outputs were weighed daily and mixed by hand. Daily fecal samples (approximately 400 g) were weighed, dried at 50°C, air-equilibrated, weighed again, and ground to pass a 1-mm screen. Ground samples were analyzed for DM by drying at 100°C, for Cr 2 O 3 by atomic absorption spectrophotometry using the method of Williams et al. (1962) , and for TiO 2 as described for Exp. 1.
Fecal outputs and recoveries of markers were calculated for each day for each steer, and averages from 5-d periods (d 2 to 6, 7 to 11, 12 to 16, and 17 to 21) were then used for statistical analysis. This approach was used to assess the adaptation of cattle to marker addition and to consider collection periods of lengths typical of digestion experiments. Data were analyzed with the GLM procedure of SAS with a model that included steer and collection period. Confidence intervals (95%) were constructed for marker recovery, and marker recovery was considered different from 100% if these intervals did not include 100%. Methods of calculating fecal DM output and DM digestibility (i.e., measured fecal outputs vs outputs calculated from TiO 2 or Cr 2 O 3 ) were compared by use of a split-plot design. The MIXED procedure of SAS was used with 1) a model that included steer, period, and method and 2) steer × period included as a random variable to serve as the main plot error term. Methods were separated by all possible pairwise comparisons among methods (t-tests) when the Ftest was significant. Because statistical analyses indicated that the initial 5-d collection period (d 2 to 6) had lower amounts of marker recovered than the other periods, only data from the final three periods (d 7 to 11, 12 to 16, and 17 to 21) were used for analyses to compare methods of calculating fecal DM output and DM digestibility.
Experiment 3
Eight steers (281 kg initial BW) in two simultaneous 4 × 4 Latin squares were used to measure recoveries of Cr 2 O 3 and TiO 2 from grain-based diets consumed ad libitum. The experiment was designed to evaluate the effects of supplemental choline on digestibility and metabolism of steers. All steers were fitted with ruminal cannulas; four of them were implanted with Revalor-S, and four were not. Within each of the Latin squares (each four steers with the same implant strategy formed a square), steers received four diets with treatments of supplemental choline (0 and 5 g/d) and of dietary tallow (0 and 4%) arranged as a 2 × 2 factorial. Diets were based on dry-rolled corn and contained 8% alfalfa hay, 3% molasses, and 0.5% urea (DM basis); soybean meal was increased from 2.0 to 2.9% when tallow was added to the diet to make the diets isonitrogenous. Steers had ad libitum access to the diets, with fresh feed provided twice daily at 12-h intervals. Markers were weighed in 5-g amounts, and both were mixed by hand with each feed allotment for each steer (steers were offered 10 g Cr 2 O 3 and 10 g TiO 2 daily). Steers were adapted to diets for 9 d, and total fecal collections were made for 4 d with the use of fecal collection bags. Orts were collected daily and composited for the 4-d period corresponding to the fecal collections. Fecal samples (5% of total output) were composited by animal within period, weighed, dried at 50°C, air-equilibrated, weighed again, and ground to pass a 1-mm screen. Ground samples of diet, orts, and feces were analyzed for DM, Cr 2 O 3 , and TiO 2 as described above.
Data were analyzed using the MIXED procedure of SAS. Implant strategy (or square) was the main plot of the split-plot design with dietary treatments (tallow, choline, and their interaction) and the interactions of diet with implant as the subplots. Steer was included as a random variable to be used as the main-plot error term, and period also was included as a random variable in the model. Denominator degrees of freedom were calculated using the method of Satterthwaite. Least squares means were used for expression of dietary effects. Confidence intervals (95%) were constructed for marker recovery, and marker recovery was considered different from 100% if these intervals did not include 100%. Methods of calculating fecal DM output and DM digestibility (i.e., measured fecal outputs vs outputs calculated from TiO 2 and Cr 2 O 3 ) were compared by use of a split-split plot design with the main plot and subplot as described above and method as the sub-subplot. The MIXED procedure of SAS was used with 1) a model that included implant (or square), dietary treatments (tallow, choline, and their interaction), method, and all possible interactions among implant, diet, and method and 2) random variables including steer (error term for testing implant), period, and diet × period × steer (error term for testing effects of diet and its interaction with implant). Denominator degrees of freedom were calculated using the method of Satterthwaite. Methods were separated by all possible pair-wise comparisons among methods (t-tests) when the F-test was significant.
Results
Experiment 1
Recovery of TiO 2 in the feces averaged 92.8% and was not affected (P = 0.47) by treatment (Table 1) . For individual steers averaged over the 7-d collection period, recoveries ranged from 79 to 125%. Recoveries of TiO 2 were not different from 100% for any of the treatments; in part, the lack of statistical difference between observed recoveries and 100% can be attributed to the variation among animals (SEM = 11) and the relatively few numbers of observations (n = 2 per treatment).
Fecal outputs of DM were numerically greater, on average, when calculated with the marker technique than when measured directly with total fecal collections, but differences were not significant (P = 0.15). Likewise, digestibilities of DM were numerically lower, on average, when they were based on the marker technique rather than on total fecal collections (P = 0.15).
Experiment 2
Fecal recoveries of Cr 2 O 3 and TiO 2 were lower (P < 0.09) during the initial 5-d collection period (d 2 to 6), reflecting the need for cattle to adapt to marker administration prior to measurement of digestibility ( Table 2 ). Recoveries of Cr 2 O 3 (P ≥ 0.25) and TiO 2 (P ≥ 0.17) were not different among the final three collection periods. For samples collected after 6 d of adaptation to marker administration (i.e., d 7 to 21), neither recoveries of TiO 2 nor those of Cr 2 O 3 were significantly different from 100%; the average recovery of TiO 2 was 94.6% and that of Cr 2 O 3 was 112.3%.
After adaptation to markers, fecal outputs calculated with reference to TiO 2 concentrations were greater (P < 0.01) than those measured from total fecal collections, whereas those calculated with reference to Cr 2 O 3 were less (P < 0.01) than those measured by total collection. This led to underestimation (P < 0.01) of digestibility by 1.1 percentage units when TiO 2 was used as a marker and overestimation (P < 0.01) of digestibility by 2.0 percentage units when Cr 2 O 3 was used as a marker.
Experiment 3
Intakes of DM and markers, marker recoveries, fecal outputs, and DM digestibilities for all dietary treatments are presented in Table 3 . Implant status of the steers did not affect digestibility parameters (P ≥ 0.31), so only means for dietary treatments are presented. Significant differences among diets in intake (P ≥ 0.33) and digestibility (P ≥ 0.07) also were not observed.
Fecal recovery of TiO 2 averaged 90.0% across treatments. For steers fed the no tallow/no choline diet, recoveries of TiO 2 were less (P < 0.05) than 100%, whereas for the other three diets recoveries did not differ from 100%. In part, the recovery of TiO 2 being less than 100% for steers fed the no tallow/no choline diet was a result of this treatment being represented by only two observations for implanted steers, one of which demonstrated the lowest observed TiO 2 recovery (67%). Recovery of Cr 2 O 3 averaged 98.4% across diets and was not significantly different from 100% for any of the dietary treatments.
When marker techniques were compared to total fecal collections for estimating fecal outputs and digestibilities, use of TiO 2 led to greater (P < 0.01) estimates of fecal output and lower (P < 0.01) estimates of digestibility than either total fecal collections or use of Cr 2 O 3 . Values estimated with the use of Cr 2 O 3 were not different (P = 0.30) from those based on total fecal collections. Digestibilities for individual treatments calculated using Cr 2 O 3 were never more than 2.4 percentage units different from the true value. Digestibilities based on TiO 2 as a marker were 1.6 to 4.3 percentage units lower than the true values. Recoveries tended (P = 0.06) to be lower during d 2 to 6 than during other periods. Recoveries during d 2 to 6 were different from 100% (P < 0.05). Recoveries during d 7 to 11, 12 to 16, and 17 to 21 were not different from 100%. Recoveries tended (P = 0.09) to be lower during d 2 to 6 than during other periods. Recoveries during all periods were not different from 100%. Standard error of difference for comparing between two methods of calculating fecal DM (data from d 2 to 6 excluded) was 0.012. All methods differed from each other (P < 0.01).
e Standard error of difference for comparing between two methods of calculating DM digestibility (data from d 2 to 6 excluded) was 0.31. All methods differed from each other (P < 0.01). Hafez et al. (1988) observed 99% recovery of TiO 2 from dairy cows consuming diets containing concentrate, grass silage, and corn silage. Observations were collected from four cows, and collection periods were 10 d long. Fecal recoveries of TiO 2 from individual cows only ranged from 95.5 to 101.5%, suggesting that recovery of TiO 2 was more consistent in that study than in ours. However, they observed diurnal variation wherein TiO 2 concentration was greater in feces collected in the morning than in that collected in the evening.
Discussion
In our experiments, fecal recovery of TiO 2 was 93% for steers fed a forage-based diet and 95% and 90% for steers fed corn-based diets. Although these recoveries were not significantly different from 100%, they did lead to an underestimation of digestibility, and this underestimation was significant for both of the cornbased diets. The magnitude of underestimation of digestibility was greater for the forage-based diets (5.5 percentage units) because those diets had lower digestibilities (similar percentage errors in estimation of fecal output lead to greater errors in the calculation of digestibilities for less-digestible feeds). For the corn-based diets, underestimation of digestibility averaged 1.1 percentage units in Exp. 2 and 2.5 percentage units in Exp. 3.
In contrast, recovery of Cr 2 O 3 averaged 112 and 98% for steers fed corn-based diets. In Exp. 2 digestibilities were underestimated by 0.5 percentage units with Cr 2 O 3 , and in Exp. 3 digestibilities were overestimated by 2.0 percentage units with Cr 2 O 3 . Thus, the total error in estimating digestibility was relatively similar between methods using TiO 2 and Cr 2 O 3 for the cornbased diets. We did not feed Cr 2 O 3 in Exp. 1 with a forage-based diet, so comparisons between the two markers cannot be made under those conditions. In contrast to the few studies that have evaluated TiO 2 as a digestion marker for cattle, there are a number of reports on the use of Cr 2 O 3 . Titgemeyer (1997) reported that, in nine digestion studies with intestinally cannulated ruminants, the average fecal recovery of Cr 2 O 3 was 94%. The Western Regional Coordinating Committee (1980) concluded that there were large variations among animals in the recovery of Cr 2 O 3 as well as significant diurnal variations that can occur in fecal Cr 2 O 3 concentrations. Provided that enough animals and an adequate sampling protocol are used, variation among animals and(or) time of day should not influence digestibility estimates if marker recoveries average 100%. In our studies, we did not assess diurnal variations, but we did observe relatively large differences among animals in the recovery of both TiO 2 and Cr 2 O 3 , particularly for TiO 2 with the forage-based diets (SEM = 11% for TiO 2 recovery in Exp. 1).
Implications
Titanium dioxide is an indigestible marker that can be used to estimate digestibility of diets by ruminants. In our studies fecal recoveries of titanium dioxide ranged from 90% to 95% and, thus, underestimated total tract dry matter digestibility by 1.1 to 5.5 percentage units. Future research is warranted to determine its usefulness in measuring digestibility because it can be added legally to diets, whereas chromic oxide, which is used commonly in digestion studies, cannot.
